and osteoblast-like properties and ability to form multiple mineralized tissues have been demonstrated through in vitro experiments. [1] Moreover, their capacity to express markers associated with bone remodeling and form cementum-like tissue have been reported through in vivo experiments too. [2, 3] Kawarizadeh et al. have explained the capability of PDL stem cells to get differentiated to either osteoblasts or cementoblasts in response to mechanical force application. [4] Lot of published reports till now have detailed the age-related changes in PDL fibroblast as indicated by its reduced replicative ability, [5] reduced alkaline phosphatase expression leading to impaired bone remodeling, [6] and decreased collagen producing ability. [7] Orthodontic tooth movement utilizes mechanical forces of varied magnitude and induce remodeling changes in paradental tissues. PDL fibroblasts play a pivotal role in the mechanotransduction process making it the most essential cellular element in achieving the desired therapeutic response. [8] The complex network consisting of mechanosensing elements such as integrins, assimilation of signals at focal adhesions and formation of stress fibers by Rho-family GTPases, activation of several second messenger systems, and protein kinases such as mitogen activated protein kinases and activation of transcription factors such as fos and jun families are established as pathway for fibroblast response. [9, 10] The research till now in these aspects have utilized either in vitro loading of the cultured PDL using apparatus named Flexcell, Strex or general laboratory centrifuge or animal models using coil spring-based appliance or insertion of separators. This point to the lack of proper data on real-life situation from human PDL samples.
MicroRNAs (miRNAs)
, the short single-stranded noncoding RNAs of 18-25 nucleotides, have emerged as important posttranscriptional regulators in several biological processes, helping maintenance of tissue homeostasis. Hung et al. [11] reported the role of miRNA (miR-146a) in differentiation of PDL cells for the first time with the help of ascorbic acid treatment. Following this, Song et al. [12] and Yehya et al. [13] suggested the role of different miRNAs in mechanical force-induced regulation of PDL fibroblasts. Recently, Chen et al. reported that increased expression levels of miR-29b affect production of major matrix collagen genes such as collagen I, II, and V in an inverse manner. [14] This study was also an explant culture after isolating human PDL cells, alveolar bone cells, and gingival fibroblasts from 4 healthy patients.
The miR-34b and miR-34c genes belongs to miR-34 family, a tumor suppressor family, and is localized to chromosome 11q23 in humans and is often directly regulated by p53. The increased expression patterns of this gene is associated with cellular events such as cell cycle arrest, apoptosis as well as metabolic regulation. [15] Various human cancers such as colorectal carcinoma, lymphocytic leukemia, and renal cell carcinoma have evidently shown reduced or deleted expression on these genes and is considered to be due to aberrant CpG island methylation of its promoters. [16] Dimri et al. reported that miR-141 induces cellular senescence by targeting the 3' untranslated region of BMI1 messenger RNA (mRNA) leading to suppression of BMI1 expression (which is required for maintenance of adult stem cells and represses genes that induce cellular senescence and cell death) and upregulation of p16 and other senescent markers. It is said that over expression of miR-141 will lead to extensive DNA damage as evidenced by cross-talk with DNA damage response pathway as evidenced by y-H2AFX foci and p53 induction. [17] The present study represents the first approach toward assessing human PDL fibroblasts for these miRNAs for their potential role in the aging process and response to mechanotransduction induced with orthodontic mechanics.
MateRIals and Methods
Approval from the Institutional Review Board (No: B2-1042/13/ SSDC) and Ethical Committee (No: IEC/007/2013) for the study was obtained on November 6, 2013 and December 2, 2013, respectively.
Sample recruitment and cell extraction
Twelve subjects were recruited and divided into three groups according to the age, and one group was subjected to mechanical force application [ Table 1 ]. Sample size calculation was done using SPSS version 22 software (SPSS Inc., Chicago, IL., USA). All the selected subjects were devoid of any systemic diseases, were nonsmokers, and have not consumed any sort of medication for the past 3 weeks prior to tooth extraction. First premolar teeth designated for extraction due to caries exposure were selected as specimens from the first three groups (Groups A-C). Mechanical force was applied to first premolar teeth designated for therapeutic extraction as part of orthodontic treatment for 21 days in the fourth group (Group D). The appliance used in this group consisted of a buccally direct spring applying 35-40 g [18] of force [ Figure 1 ] to the designated teeth alone. All teeth were carefully extracted (atraumatic extraction) and washed under sterile conditions in PBS for three times. PDL from middle third of the root was scraped with a scalpel, so that contamination from apical or gingival tissues are avoided. For the force applied teeth, PDL was harvested from the tension side, where there is maximum chances for PDL remodeling (enamel was scored for proper identification). RNA later (an aqueous, nontoxic tissue storage reagent that rapidly permeates tissue to stabilize and protect cellular RNA in situ in unfrozen specimens) was used to transport the harvested tissues to the laboratory as it is proven that this forms the best stabilization method. [19] Semi-quantitative reverse transcriptase polymerase chain reaction
Total RNA was extracted with the Trizol Reagent (Invitrogen) following manufacturer's instructions. RNA quality was examined on an Agilent 2100 Bioanalyzer with the RNA 6000 Nano Kits (Agilent, Germany) and RNA quantity was measured on a Nanodrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, USA ). cDNA synthesis was performed as per thermo scientific verso cDNA synthesis kit manual, and amplification was performed using Invitrogen ThermoScript Reverse Transcriptase Polymerase Chain Reaction (PCR) System manual. After the amplification, the PCR product was separated by agarose gel electrophoresis. The gel was loaded with the samples and run at 50 V for 30 min. The stained gel was visualized using a gel documentation system (E Gel Imager, Invitrogen, Thermo Scientific, Waltham, USA). The primers used are provided in Figure 2 .
Image quantification
Image analysis was performed with ImageJ software (National Institute of Mental Health, Bethesda, Maryland, USA) and NIS-Elements AR 3.2 64-bit software (Nikon Instruments Inc.
(Newyork, USA)), as previously described. [20] After channel separation (RGB) of the color images, mean pixel intensity was quantified, where values correspond to the brightness of the pixels of delimited areas corresponding to the cell nuclei. Each value was normalized by the mean pixel intensity of all labeled cells in the same image. Values were exported to SPSS version 21 (IBM Corp, Armonk, NY, USA) for the appropriate statistical analysis. Images and charts were prepared with Adobe Photoshop CS5 (Adobe Systems Inc., San Jose, CA, USA).
Statistical analysis
Statistical analysis was carried out using SPSS version 21.
All the values obtained were tabulated and mean and standard deviations were calculated. For age wise comparison in the first three groups, the measurements were subjected to one-way ANOVA analysis followed by Tukey HSD test for comparison between groups. An unpaired t-test was performed between Group I and IV, so that statistically significant changes, if any, incident to mechanical force application can be elucidated.
Results

Age-dependent changes in microRNA
The miR-34b, miR-34c, and miR-141 showed differential expression as part of aging process. Looking at the expression bands, miR-141 showed significant change in the Group C specimens when compared to other two groups [ Figure 3 ]. There were not much difference in expression patterns for all three miRNAs between Groups A and B. The expression of miR-34b and miR-34c showed a steady increase as age advanced with Group C values being significantly different statistically from groups A and B in miR-34b, miR-34c, and miR-141 [ Table 2 ].
Mechanical force application-induced significant changes in microRNAs expression
Comparison between Groups A and D (without and with mechanical force application in the same age group) yielded significant results for two out of three miRNA levels. miR-141 showed statistically significant elevation in its expression, once the PDL fibroblasts are subjected to mechanical force application [ Figure 4 ]. There is a decrease in expression levels of miR-34b and miR-34c with miR-34c showing significant decrease statistically too [ Table 3 ]. The recent trend toward increase in adult patients visiting orthodontic offices has led to comparative characterization studies of PDL cells from young and adult patients. For conducting such research, there exists two approaches. One of which is cell culture subjected to in vitro aging through repetitive cell passaging, and other one by direct assessment of cells obtained from older donors in comparison to younger ones. The former approach is the one, which is followed the most and has elucidated age-dependent reduction in cellular function, including reduced synthesis of DNA as well as extracellular matrix proteins. Moreover, the cellular responses of aged cells in response to mechanical forces in regulating its remodeling and repair processes forms an interesting area to be researched on. Previous research in this regard has documented evidence confirming varied expression of genes related to mediators of inflammation as age advances. Benatti et al. [21] reported decrease in interleukin (IL)-4 mRNA and elevated levels of osteoprotegerin, IL-6, and IL-1beta mRNA as age advances in human PDL cells. A reduced response to hormones, particularly parathyroid hormone, was demonstrated by Lossdörfer et al., [22] in human PDL cells. Konstantonis et al. reported that senescent cells respond to mechanical stimulus in the same way as younger cells by activating ERK, JNK, and p38 MAPK and upregulates c-fos and ALP expression as well as activity. [10] But their reports mention the much lower ALP levels in senescent cells when compared to their younger counterparts. This study forms the first one which evaluated miRNA level changes in aging human PDL fibroblasts as well as its response to mechanical force application. Studies till now have concentrated on mechanical stretching with the help of various instruments (as mentioned in the introduction), but the present research utilized orthodontic tooth movement as a model for providing mechanical stretch in vivo. This brings in real-life situation for the assessment of molecular level changes brought in by miRNAs, which bridges between mRNA and protein synthesis.
Through the present study, we could observe age-related increase in expression levels of miR34b, miR-34c as well as miR-141, which was an expected outcome. miR-34b and miR-34c mainly functions as tumor suppressive agent and down regulation of these miRNAs expression is demonstrated in 78 patients with acute myeloid leukemia. [23] Moreover, miR-34 family is considered as bona fide transcriptional targets for p53, whose over expression triggers cell cycle arrest or apoptosis according to the context and cell type. This happens mainly by repressing specific targets such as cyclin D1, cyclin E2, Cdk4, Cdk6, Bcl2, and c-Met-21. [24] It is demonstrated by Choi et al. that the expression of miR-34b/c is seen elevated in mouse embryonic fibroblast reprogramming and was triggered with Sox2, Oct4, and Klf4 in the presence or absence of c-Myc. [25] It is concluded that miR-34b and miR-34c, together with other p53 targets collectively mediate suppression of somatic reprogramming via multiple critical cellular pathways. The increased expression levels of miR-34b and miR-c observed in this study as age advances can be considered as an advantage as it suggests the physiologic regulatory mechanism, preventing undue cellular proliferation even at the PDL fibroblast level.
miR-141 belongs to miR-200 family, which is known to induce epithelial mesenchymal transition by suppression of ZEB1 and ZEB2, [26] but its ability to either promote or induce oncogenesis remains controversial as both sort of literature exists. miR-141 is clustered in human chromosome 12p. 13.31 locus, which is known for inducing cellular senescence. It is concluded by Dimri et al. [17] that most of the senescence induced by miR-141 is via induction of P16INK4a. The increased expression observed for miR-141, as age advances, in this study confirms the existing reports and enlightens us with the fact that PDL fibroblasts also undergo senescent changes. Even though the masticatory stress and other means of physiological regulatory mechanisms exist leading to constant PDL remodeling, the decreased chewing efficiency seen in adults and aged population can be attributed to the senescent changes happening in the paradental region as evidenced by the changes in miR-34b, miR-34c, and miR-141.
Mechanical stress induction with orthodontic forces yielded interesting results as differential expression of miR-34b, miR-34c, and miR-141 is observed. The down regulation of miR-34b and miR-34c favored the existing literature by the fact that rapid remodeling might be happening through the upregulation of p53-induced cellular proliferation and apoptosis. But it is of concern that mechanical forces are capable of suppressing tumor protective abilities of miR-34b/c cluster. At the same time, we could observe elevated expression of miR-141, which suggested stress-induced premature senescence induction as suggested by Choi et al. [25] It is documented by Magenta et al. [27] and Mateescu et al. [28] that miR-141 will get up regulated following exposure to oxidative stress by directly targeting p38 (MAPK14) transcript, which is an important redox sensor. Such an over expression of miR-141 indicate extensive DNA damage due to p53 induction [17] and repressing NRF2 pathway, by regulating KEAP1, the NRF2 repressor, which is a key cellular defense pathway against oxidative stress. [29, 30] conclusIons The present study aimed at evaluating expression patterns of miR-34b, miR-34c, and miR-141 in aging PDL fibroblasts and after subjecting young fibroblasts to in vivo mechanical force application could demonstrate.
• As age advances, there is elevated expression of all the miRNAs indicating its role in physiologic maintenance of cellular integrity, tumor suppressive properties, and cellular senescence
• Mechanical force application down regulates miR-34b and miR-34c expression indicative of rapid remodeling activity taking place in PDL fibroblasts • miR-141 expression is elevated in PDL fibroblasts subjected to mechanical force application indicative of oxidative stress the cells might be undergoing and suggestive of initiation of DNA damaging effects • miRNAs 34b. 34c and 141 can be used as diagnostic markers for age changes and to assess the level of tissue remodeling and oxidative stress-induced nuclear damage associated with orthodontic forces on PDL fibroblasts.
Financial support and sponsorship
Nil.
Conflicts of interest
There are no conflicts of interest.
